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THE BIGGER PICTURE Battery-free pacemaker technology can eliminate the need for battery replacement
surgeries of traditional pacemakers. Various energy harvesting and transmitting technologies can help
realize this, such as utilizing energy from body movement, body heat, chemical energy in body fluids, and
externally applied electromagnetic fields and ultrasound waves. However, these devices are not yet compet-
itive with the mature technology of battery-operated pacemakers. Existing challenges include energy effi-
ciency, biocompatibility, durability, and stability. Some of these technologies also provide opportunities
for integrating additional functionalities, such as the real-time monitoring of biological signals. The develop-
ment of battery-free pacemaker technology has potential to change implantable devices in general. Depend-
ing on the specific requirement and local operating environment of the implanted device, similar technologies
can be developed based on the lessons learned here.

SUMMARY

Battery-free cardiac pacemakers can overcome the limitations of traditional battery-dependent devices. This
perspective discusses recent progress in developing energy-harvesting solutions for pacemakers, focusing
on triboelectric, piezoelectric, thermoelectric, photovoltaic, biofuel cell, and wireless energy transfer mech-
anisms that harness biomechanical energy, body heat, ambient light, ultrasound, biochemical energy, and
electromagnetic fields. These technologies eliminate the need for battery replacements, reducing surgical
risks and enhancing patient comfort and quality of life. We also discuss future directions and challenges
of these systems, such as energy conversion efficiency, biocompatibility, long-term reliability, safety and
clinical concerns, and opportunities for additional functionalities, such as real-time feedback and control.

INTRODUCTION

Cardiac pacemakers are essential in treating arrhythmias by
maintaining proper heart rhythm through electrical stimulation.’
They mimic natural cardiac pacing to ensure stable heart func-
tion, using components like microcontroller units, batteries,
and output circuitry to sense and generate electrical impulses.?
While effective, traditional pacemakers face challenges, par-
ticularly due to battery limitations that require replacement every
5-10 years, setting a clear benchmark for stability. Current self-
powered prototypes have shown promising short-term perfor-
mance in animal models, but their long-term stability remains
to be fully validated. Accelerated aging tests, which simulate
physiological conditions over extended periods, may offer in-
sights into durability, though these methods must carefully repli-
cate the complex and dynamic environment of the human body.
Future research should focus on establishing protocols for sta-

bility testing and addressing the challenges of long-term implan-
tation to ensure the reliability of battery-free pacemakers in clin-
ical settings.

Recent reviews have highlighted the potential of battery-free
technologies for pacemakers.” In this perspective, we will pro-
vide an overview of the technology with a focus on the existing
challenges and speculative future research directions and
perspective of system design, clinical deployment, and related
regulatory and safety concerns.

Technologies such as piezoelectric, triboelectric, thermoelec-
tric, photovoltaic, wireless radio frequency (RF), and biological
fluid energy harvesting show promise for eliminating battery reli-
ance, reducing surgical interventions, and improving patient
quality of life.*” Integrating these energy-harvesting methods
into pacemakers could offer reliable, long-term solutions. Future
pacemakers may also incorporate supplemental features, such
as wireless communication and real-time monitoring. Balancing
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the energy demands of both fundamental and supplemental
functions is a critical aspect in the development of next-genera-
tion battery-less pacemakers.

DRIVING ENERGY SOURCES

The human body and surrounding environment provide diverse
forms of energy that can be harnessed for powering pacemakers,
such as biomechanical energy from body movements,®'" ther-
mal gradients from body heat, electromagnetic waves, and
biochemical energy from bodily fluids (Figure 2).'*'® These en-
ergies are often characterized by their randomness, abundance,
and widespread distribution. For instance, biomechanical energy
from heartbeats and body movements is random but abundant,
while thermal energy from body heat is consistent and available
across the entire body surface. Radio frequency energy and
ambient light are widely distributed but may fluctuate depending
on environmental conditions (Figure 1A). The power levels of
these energy sources vary significantly. Biomechanical energy
can produce power on the scale of milliwatts, whereas thermal
energy is typically in the range of tens to hundreds of microwatts.
This section provides a detailed introduction to the principles and
applications of various driving energy sources used for cardiac
pacing. Table 1 summarizes their characteristics.

Biomechanical energy
Utilizing intrinsic myocardial activity as a continuous energy
source offers a promising solution for powering battery-free
pacemakers.' Harvesting biomechanical energy to convert
the mechanical forces of the heart into electrical energy is an
effective approach. Materials such as lead (Pb) zirconate titanate
(PZT), zinc oxide (ZnO), and certain piezoelectric polymers have
the ability to generate electric charges when subjected to me-
chanical stress.®'® However, the long-term biocompatibility of
PZT is a concern due to potential pharmacodynamics (Pd)
toxicity, especially in implantable applications. Recent studies
have explored Pb-free alternatives, such as potassium sodium
niobate and barium titanate, which exhibit comparable piezo-
electric performance with enhanced safety profiles.’®'” In the
context of cardiac pacemakers, piezoelectric nanogenerators
(PENGs) convert mechanical energy from physiological move-
ments (e.g., cardiac contractions or respiratory motions) into
electrical energy through the deformation of piezoelectric mate-
rials (Figure 1B). These systems typically consist of piezoelectric
materials, a flexible substrate, and an external load. For
example, Li et al. developed an implantable piezoelectric energy
generator (iPEG) designed to harvest mechanical energy from
the heart. When tested in pigs, the iPEG generated a current of
15 pA, which was sufficient to power a commercial pacemaker
chip (Figure 3B).'® Xie et al. reported an epicardial pacing strat-
egy using cystic piezoelectric elements, which enhanced kinetic
energy collection during heart movement. After 12 weeks of im-
plantation in rats, the average voltage was 2.1 mV, proving the
feasibility of this approach for cardiac pacing (Figure 3C)."®
Despite the progress, the biocompatibility of implanted piezo-
electric energy-harvesting devices and their impact on cardiac
function warrant careful consideration. Studies indicate that,
although flexible piezoelectric vibration energy harvesters are
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not toxic to myocardial tissue, their implantation may still influ-
ence cardiac function to some extent. In a 12-week test of im-
planted piezoelectric devices in rats, cardiac ultrasound assess-
ments revealed that heart rate and primary cardiac functional
indicators, such as the left ventricular ejection fraction and left
ventricular fractional shortening, in the experimental group re-
mained stable compared to their baseline values, but the values
were still lower than those in the control group. Additionally,
biochemical analyses demonstrated differences in total bilirubin
and triglyceride levels between the experimental and control
groups, suggesting that the device may have certain physiolog-
ical effects on the body. In practical applications, these potential
risks and impacts should be thoroughly considered.?® To ensure
that no adverse effects occur in the human body, the selection of
raw materials for device construction is crucial for achieving the
necessary tissue compatibility as well as the overall electro-
chemical and electromechanical performance of the device.

Triboelectric nanogenerators (TENGs) and PENGs operate
based on fundamentally different principles, which lead to
distinct characteristics and applications. TENGs generate elec-
tricity through the triboelectric effect combined with electrostatic
induction, typically driven by periodic contact-separation or
sliding motions. In comparison, PENGs rely on the direct conver-
sion of mechanical stress into electrical charge (Figure 1C). As a
result, TENGs can achieve higher output voltages but with rela-
tively lower currents compared to PENGs. Consequently, TENGs
and PENGs are suited to different applications. PENGs are ideal
for capturing energy from small-amplitude, periodic mechanical
deformations, such as heartbeats or vascular pulsations, where
high-frequency, low-magnitude forces are present, while TENGs
excel in environments with larger, more frequent deformations,
such as walking or breathing, where high-voltage output is
needed to power devices under dynamic and varying mechani-
cal conditions.?’® For example, Liu et al. reported a capsule-
shaped self-powered intracardiac pacemaker (SICP) based on
the coupling effect of triboelectric and electrostatic induction
(Figures 4A and 4B).?* The SICP integrates an energy-harvesting
unit, a power management unit, and a pacemaker module within
a miniaturized structure (Figure 4C). The device was implanted
into a pig model, achieving an open-circuit voltage of 6.0 V
and pacing for atrioventricular block model animals over 3 weeks
(Figures 4D and 4E). In addition to the heart, kinetic energy from
other organs and tissues—such as muscle stretching,*” respira-
tory airflow,?>*® and aortic contraction’’ —can also be har-
vested, offering diverse energy sources for the development of
self-powered pacemakers.

Despite the promising application prospects of TENGs and
PENGs, their biocompatibility and potential impact on cardiac
function warrant careful consideration. Biochemical analyses
indicated physiological effects, highlighting the need for careful
material selection to ensure tissue compatibility and optimal
electrochemical and electromechanical performance.?® Simi-
larly, TENGs present concerns due to their periodic contact
and separation mechanism, which may cause chronic stimula-
tion of cardiac tissues, leading to inflammation, fibrosis, and dis-
ruptions of myocardial function. Implantation may also affect
cardiac hemodynamics, increasing the risk of thrombosis and
arrhythmias.?® While TENG materials generally exhibit good
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Figure 1. Human energy conversion and utilization technology overview

(A) Schematic of energy-harvesting technology for a battery-free pacemaker.®'>"? The power values listed in the figure are directly obtained from the collected
literature or calculated using formulas. The following are the derived formulas: heart beat power formula: P = Ppean X CO; Prean = 100 mmHg,CO = 6.3L/
min.”" Body heat power formula: Ppeat = BMR x A x f; BMR = 70 W/m? A = 1.7 m?,f = 10% ~ 15%.°>° Biological fluid power formula: P = AG X 1n; AG=
450kJ/mol, n = 3.34 x 10~"mol/s.?*"""2

(B) A schematic of a PENG.

(C) Classic types of TENGs: vertical contact-separation mode, lateral sliding mode, single-electrode mode, and freestanding mode.

(D) A schematic of a TEG.

(E) A schematic of solar cells.

(F) A schematic of BFCs.

(G) A schematic of wireless RF energy transmission devices.
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Figure 2. Development of driving energy for cardiac pacemakers
(A) Development of internal energy supply cardiac pacemakers.
(B) Development of external energy transfer pacemaker, '214:40:42:50-52,59,77

biocompatibility, their surface characteristics and chemical
composition, along with implantation-related infection risks,
could trigger immune responses or chronic inflammation.
Furthermore, mechanical friction and the moist cardiac environ-
ment may accelerate material aging and wear, compromising
long-term device stability and durability.”*°

4 Device 3, 100746, June 20, 2025

24,33,37,56,61,65,73-76

Body heat

The operation of thermally driven pacemakers is primarily based
on thermoelectric conversion, which involves converting thermal
energy stored within the body into electrical energy to power the
pacemaker. Thermoelectric generators (TEGs) and pyroelectric
nanogenerators (PYyENGs) can achieve this goal based on
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Table 1. Performance comparison of various energy conversion technologies

Energy
conversion  Power In vivo
Types Materials Structures efficiency output (V)  experiments Cost Reference
PENG PVDF/ZnO/rGO nanofiber electrode moderate 6.06-20 dog high Zheng et al.*’
A 60
PMN-PT elastic skeleton with pig high and Liu et al.
piezoelectric composites
TENG  polymer or metal double contacting layers low to 6-65.2 pig/dog low Zhang et al.,*> Moon et al.,*®
moderate and Amin Karami et al.®’
TEG polymer or metal layered design low 0.0199- rabbit low Rao et al.” and Eppink et al.®?
2.5
Light  polymer and silicon- layered photovoltaic moderate  0.92-1.29  pig/chicken moderate Xie et al.,”° Huang et al.,*®
based materials module to high Zhao et al.,*® Xu et al.,®*
and Azimi et al.®®
RF biodegradable dual-coil moderate 1-30 pig/rabbit moderate DeForge et al.®®
materials wireless design and Ryu et al.®”
Biofuel enzyme/metal fluidic BFC moderate 0.47-1.2 none moderate MacVittie et al.®®
electrode and Imani et al.®®

different operating principles. TEGs convert thermal energy into
electrical power through the thermoelectric effect,**? while
PyENGs rely on the pyroelectric effect.”*' PyENGs require peri-
odic temperature changes to generate electricity effectively,
making it unsuitable for implantable applications, so we will
focus on TEGs. When two different thermoelectric materials
are connected and exposed to a temperature difference, charge
carriers move from the hotter to the cooler end, creating an elec-
tric current. This process continues as long as the temperature
gradient is maintained (Figure 1D).

In 2013, Yang et al. created a prototype of an implantable TEG
featuring two implanted TEG modules along with a boost circuit
that included an integrated direct current (DC)/DC converter to
stabilize and increase the voltage output.®®* When implanted in
rabbits, both single-stage and multi-stage TEG modules pro-
duced output voltages exceeding 20 mV, and the boost circuit
consistently put out 3.3V, sufficient to drive an LC oscillation cir-
cuit at 1-s pulse intervals. The power generated by this setup
was greater than that required by conventional pacemakers.
The temperature difference in the multi-stage TEG module re-
mained stable at approximately 1.1°C, increasing the voltage
of the TEG module while maintaining consistent output from
the boost circuit and clock signal.

However, the application of TEGs in heart-related scenarios
faces numerous unresolved challenges. As a complex physio-
logical system, the human body experiences temperature fluctu-
ations due to environmental changes, activity levels, and health
conditions, which can disrupt the stable temperature difference
required by TEGs. In addition to enhancing energy harvesting
and storage technologies, minimizing the loss of available heat
is crucial. Tupe et al. developed a TEG that demonstrated the
feasibility of converting human body heat into electrical energy.
They selected polydimethylsiloxane as the substrate due to its
low thermal conductivity and incorporated a thermocouple
structure with a silicon dioxide insulation layer to concentrate
heat along the most efficient conversion path, thereby reducing
energy dissipation to the surrounding environment.** The TEG,
when attached to the human body, generated an output voltage

of 5 mV, an output current of 10 pA, and an output power of 50
nW with a temperature difference of 7°C between the ambient
and body temperature. This study highlighted that the perfor-
mance of TEGs is linked to external irreversibility, implying that
optimizing both external and internal factors is essential for maxi-
mizing the efficiency.

The operation of TEGs may also cause abnormal local tissue
temperatures. Excessively high or low temperatures can trigger
thermal stress responses in myocardial tissue, disrupting normal
cellular metabolism and function. Moreover, TEGs often use
heavy metal semiconductor materials, such as Bi;Tez, which
pose biocompatibility risks in long-term use. In cases of inade-
quate encapsulation, toxic material leakage could harm sur-
rounding cardiac tissues.®**® Optimizing thermal management
design, incorporating temperature monitoring and feedback
regulation functions, and selecting biocompatible materials
can enhance the safety and reliability of TEGs in cardiac pacing
devices. The device for collecting energy for TEGs (e.g., power
management units, thermal interfaces, and encapsulation struc-
tures) is still in the stage of simulation and experimental verifica-
tion, which provides a theoretical basis and technical support for
the application of TEGs in cardiac pacemakers to a certain
extent. As the technology continues to mature and improve,
TEG-driven cardiac pacemakers are expected to undergo clin-
ical trials.

Light
Light-driven pacemakers operate by converting optical signals
into biocurrents (i.e., electrical currents within biological sys-
tems) through a specialized porous material layer. This material
enhances light absorption and charge separation, enabling effi-
cient photoelectric conversion. The resulting biocurrents interact
with cardiac cells, modulating their electrical activity to regulate
the heartbeat. When photons strike a semiconductor material,
they excite electrons, allowing them to move from the valence
band to the conduction band. This generates an electrical poten-
tial difference, which drives electrons through an external circuit
to produce an electric current. Photovoltaic energy conversion
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Figure 3. Advances in vivo application of battery-free pacemaker devices
(A) Diagram of pacemaker classification according to number of pacemaker leads and their internal lead distribution and stimulation points (left).

(B) Photograph of the implanted iPEG in parallel mode, which is connected to the pacemaker through a rectifier. '

(C) Implantation of the piezoelectric vibration energy harvester for self-powered cardiac pacemakers near the cardiac apex.'®

(D) Photographs of an SICP fixed to the endocardium at 3 weeks (scale bar: 0.5 cm).”*

(E) Battery-free, conformal contact, flexible silicon-based photovoltaic pacemaker using an a-Si:H RJ photostimulator manufactured on a flexible conduc-
tive aluminum foil (AF).*'

(F) Images of subcutaneous implants in the chest and heart of a mouse. Through the machine learning-guided ultra-thin array design, the seamless integration of

the biological interface and the heart is realized.*

(G) Photographs of endoscopic views during the minimally invasive pig heart pacing process.*
(H) A thin, battery-free, flexible, and implantable system based on flexible electronics technology is used to fix the position of each part of the device in cardiac

pacing experiments.>®

(l) Implantation and operation of a bioabsorbable leadless pacemaker in a chronic in vivo rat mode

|12

(J) Microtubule pacemakers were implanted in anterior cardiac veins (ACVs) of anesthetized pigs to restore heart conduction and myocardial contraction.*”

has been explored as a method to power cardiac pacemakers
using external light sources (Figure 1E).>"%°

Haeberlin et al. designed a battery-free pacemaker powered
by a solar module capable of converting transcutaneous light
into electrical energy.“’ Infrared light, which can penetrate the
skin, allows subcutaneous solar modules to harvest energy.
In vitro tests showed that the average output power of the solar
module was 1,963 pW/cm? in direct sunlight, 206 uW/cm? out-
doors in the shade, and 4 uW/cm2 indoors. In vivo tests demon-

6 Device 3, 100746, June 20, 2025

strated that a pacemaker equipped with an energy buffer, such
as a rechargeable battery or supercapacitor, could continue
pacing for 1.5 months in complete darkness after only a brief
(e.g., 5-15 min) exposure to light.

Liu et al. developed a radial junction photoelectric pacemaker
that was developed to address the challenges of maintaining sta-
ble energy acquisition under varying light conditions while opti-
mizing material biodegradation to suit different treatment cycles.*’
In vivo experiments demonstrated that external photostimulation
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(at 650 nm) could control the heart rate in pigs, increasing it from a
normal 101 up to 128 bpm. This approach, based on hydrogenat-
ed amorphous silicon-based radial p-i-n junction (a-Si:H RJ) tech-
nology, offers a flexible, battery-free, and biocompatible solution
for cardiac pacing that shows promise for clinical use (Figure 3E).
Morerecently, Ausra et al. created a wireless, battery-free platform
that was introduced for multi-modal, multi-site, real-time stimula-
tion, sensing, and computing.*’ This technology expands the
capability of implantable cardiac devices, allowing them to oper-
ate on demand in free-roaming animal models. The platform
uses a custom-made soft-film electro-optical array tailored to
the heart’s geometry, capable of deforming with the heartbeat
while maintaining high precision in stimulation delivery (Figure 3F).

However, because photovoltaic devices rely on external light
sources, the light absorption and scattering by human tissues
limits the power supply. The power output of photovoltaic de-
vices is affected by ambient light intensity and spectral distribu-
tion, which can jeopardize the stable operation of implantable
devices.”®** The encapsulation materials for photovoltaic de-
vices must possess good biocompatibility and optical transpar-
ency. Some photovoltaic materials may also degrade or age over
time, increasing the risk of infection and immune rejection.

One challenge of implantable pacemakers is achieving syn-
chronized contractions across different parts of the heart. Li
et al. developed a device using light energy for cardiac stimula-
tion to address this issue (Figure 3G).*® However, rather than har-
vesting light energy for power generation, their approach utilizes
photostimulation to modulate cardiac activity, offering an alter-
native strategy for pacing. Given its potential impact, we provide
a brief introduction here, while more detailed discussions can be
found in the subsequent sections.

Chemical and hydrodynamic energy in biological fluids
The human body contains abundant chemical energy for cellular
function. For example, plasma is rich in dissolved glucose and
can provide a constant energy source for implantable devices.
Biofuel cells generate electricity from biochemical reactions in
biological fluids. The process involves oxidation reactions at
the anode (e.g., glucose oxidation) and corresponding redox re-
actions at the cathode. When the anode and cathode are con-
nected through an external circuit, electrons flow between
them, generating an electric current (Figure 1F).**

In2019, Haeberlin et al. reported an energy harvester for endo-
cardial implantation that uses intracardiac blood flow to drive a

Device

turbine rotor. This rotor was coupled magnetically to a sealed mi-
crogenerator, converting the turbine’s mechanical energy into
electrical power for a pacemaker.*° In both simulation and in vivo
experiments, this device, equipped with two 14-mm-diameter
turbine rotors, produced an average power output of 10.2 +
4.8 uW on the bench. By optimizing parameters such as stroke
volume, heart rate, or turbine size, the output power could
exceed 80 uW, with a power density of 237.1 pW/cm?, surpass-
ing the requirements of modern leadless pacemaker circuits.
Wang et al. developed a high-power implantable biofuel cell
(BFC) capable of converting chemical energy from biomass,
such as glucose, into electrical energy.*® This BFC utilized
porous antifouling interfaces to enhance enzyme immobilization
and antifouling properties. By coating carbon nanotube fibers
with enzyme-containing polyvinyl alcohol and a polyvinyl
alcohol-N-methyl-4(4’-formaldehyde styrene) pyridinium metha-
nesulfonate precursor solution, followed by UV curing to form a
3D porous structure, the cell can maintain its performance for
at least 45 days after implantation. It achieved a peak power
output of 76.6 mW/cm?.

Although the use of biological fluids to directly generate power
for pacemakers is promising, several challenges remain. Long-
term reliability is affected by the durability of enzymes and other
components as well as issues like electrode degradation and
biofouling. Enzyme catalytic efficiency and stability are sensitive
to pH, temperature, and oxygen concentration in the physiolog-
ical environment. The power output of BFCs depends on sub-
strate concentrations in body fluids, which can fluctuate due to
variations in health conditions and diet. The catalytic efficiency
of BFCs also tends to decrease as enzyme activity declines,
posing a risk of performance degradation during long-term
use. Additionally, the lack of mechanical compatibility between
bioelectrodes and tissues may cause inflammation or tissue
damage.”’

External wireless energy source

Although wireless power sources still require batteries for driving
the pacemakers externally, they still offer advantages over tradi-
tional battery-powered pacemakers, as they eliminate the need
for battery replacement surgeries. The use of external wireless
power sources also eliminates the risks of harmful material
leakage from implanted batteries.*® This reduces the biocom-
patibility requirements for patients, further enhancing the safety
and reliability of the device.

Figure 4. Latest research on battery-free leadless pacemakers

(A) Based on the coupling effect of triboelectrification and electrostatic induction, a capsule-shaped pacemaker without wires in the heart cavity is developed.”*

(B) Internal perspective structure of the device.”*

(C) The device integrates an energy harvesting unit (EHU), a power management unit, and a pacemaker module to achieve pacing for atrioventricular block

disease model animals.”*

(D) Photograph of the SICP with a weight of 1.75 g and volume of 1.52 cc (diameter, 6.8 mm; length, 42 mm) (scale bar: 2 cm|

).24

(E) Photographs of the SICP fixed to the endocardium at 3 weeks (scale bar: 0.5 cm).?*

(F) In vitro cardiac light stimulation experiments in rats. Por-Si devices can achieve high spatiotemporal multipoint pacing. The differences in QRS waveforms
between the upper right and lower left regions reflect the distinct electrical activation patterns induced by photostimulation at different ventricular sites. Stim-
ulation in the right ventricle (RV) results in narrower QRS complexes, indicating rapid and synchronized activation, while stimulation in the left ventricle (LV) leads
to wider QRS complexes, suggesting delayed and dyssynchronous activation. This demonstrates the controlled cardiac activation sequences through targeted
photostimulation.**

(G) In vivo light stimulation experiment of a pig heart. Precise control of ventricular pacing was realized by placing a Por-Si device on the right ventricular epicardial
wall.*®

8 Device 3, 100746, June 20, 2025



vice.2025.100746

Please cite this article in press as: Zheng et al., Choosing energy sources for battery-free pacemakers, Device (2025), https://doi.org/10.1016/j.de-

Device

Ultrasound power transfer can drive a pacemaker by using an
external ultrasound generator to emit an ultrasound beam to the
implanted receiver that can convert the ultrasound into electrical
impulses. In 2013, Jiang et al. developed a flexible piezoelectric
ultrasonic energy harvester (PUEH) array to address the limita-
tions of conventional rigid ultrasonic energy harvesters.*® The
PUEH utilized a 7 x 7 array of PZT/epoxy 1-3 piezoelectric com-
posites as active elements, connected by multilayer flexible
electrodes and encapsulated in an elastomer film. This structure
allowed continuous voltage and current generation on both flat
and curved surfaces when driven by ultrasound, with output sig-
nals exceeding 2 Voltage peak-to-peak (VPP) and 4 pA, respec-
tively. In 2021, Jin et al. developed an acoustic-electric commu-
nication device (AECD), enabling wireless energy delivery and
data transmission based on ultrasound synchronization.*° In vivo
cardiac pacing experiments showed that the AECD received ul-
trasound energy and monitored the heart’s rhythm using a built-
in polyvinylidene fluoride (PVDF) sensor. The system detected
abnormal heartbeats and delivered electrical stimulation,
providing therapy for cardiac resynchronization (Figure 3H).
The experiments demonstrated that the AECD accurately distin-
guished between normal and abnormal heartbeats and provided
customizable electrical stimulation in response to abnormalities.

RF can also transmit energy wirelessly from the outside
through electromagnetic fields to power the device. The RF
receiver would capture electromagnetic waves generated by
oscillating circuits outside the body. These high-frequency sig-
nals are fed to a receiving coil, which converts them into DC
through a rectifier circuit (Figure 1G).>*°" RF energy harvesting
offers a wireless solution for powering implanted devices,
reducing reliance on traditional battery systems.

In 2021, Choi et al. developed and tested in vivo a degradable
pacemaker capable of degrading within a few months without
requiring surgical removal.'? The pacemaker operates wirelessly
through inductive coupling between an external transmitter coil
and an implanted receiver coil, eliminating the need for batteries
and percutaneous leads. The pacemaker, measuring only 16 mm
in length and width, 250 microns in thickness, and weighing 0.3
g, can be attached directly to the epicardium. The device
demonstrated the ability to capture and regulate heart rhythms
across various species and platforms, including human heart sli-
ces and the hearts of mice, rats, rabbits, and dogs. In vivo trials in
a canine model confirmed its suitability for adult patients, while
complete disintegration of the pacemaker was observed within
three months of implantation in rats (Figure 3l). This approach
addresses limitations of traditional temporary pacing devices
and establishes a foundation for bioresorbable electronics.

In the following years, Wang et al. introduced a biocompatible
wireless microelectronics system with a self-assembling design
forming a lightweight microtubule pacemaker for intravascular
implantation and pacing.®® Energy was delivered wirelessly to
the microtubule pacemaker using RF, providing electrical stimu-
lation for cardiac electrotherapy (Figure 3J). In an anesthetized
pig model, ECG rhythms showed consistent pacing spikes
with QRS complexes (involving the Q, R, and S waves of the
heart’s electrical activity) and repolarized T waves, indicating
cardiac stimulation at 60 bpm. The pacemaker proved effective
for restoring cardiac contractions and performed overdrive pac-
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ing to enhance circulation. This self-assembled microtubule
pacemaker offers a novel approach for intravascular pacemaker
deployment and has potential applications for stimulating other
organs, such as the stomach, nerves, and urinary system.

However, energy transmission using RF has practical chal-
lenges similar to those associated with ultrasound transmission.
RF energy transmission is limited by the distance and alignment
between devices. The absorption and scattering effects of
human tissues reduce transmission efficiency, and patient
movement or device misalignment may lead to insufficient po-
wer supply. High-frequency RF signals may cause local tissue
temperature to rise, leading to tissue damage or immune re-
sponses. Prolonged exposure to RF fields may interfere with car-
diac electrical signal conduction, increasing the risk of arrhyth-
mias, especially for patients with existing electrophysiological
disorders. The device design must balance energy efficiency
with the biological load at the implantation site to avoid applying
additional mechanical pressure on the myocardium and blood
vessels.”***

FUTURE DIRECTIONS AND CHALLENGES

Integration and miniaturization
In the field of implantable medical devices, the volume, flexibility,
conformity, and biocompatibility are among the most basic re-
quirements.® These devices should incorporate components
for energy harvesting, power management, and pacing func-
tions. Such an integrated system design can achieve the desired
functionality in a self-contained environment without impairing
the normal functions of human tissue. This requires the develop-
ment of miniature, low-power pacing chips with energy storage
and electrical pulse transmission capabilities as well as cardiac
fixation devices and interventional delivery systems. Research
efforts have been introduced to promote the miniaturization
and integration of cardiac pacemakers. For example, Liu et al.
designed a self-powered capsule-shaped pacemaker based
on triboelectrification and electrostatic induction, utilizing con-
tact electrification between polyoxymethylene particles and pol-
ytetrafluoroethylene films. Driven by cardiac motion, the device
generates an open-circuit voltage of approximately 6.0 V and a
short-circuit current of 0.2 pA, meeting the energy demands of
the pacemaker. Furthermore, the application of a Parylene-C
nanocoating on the device surface enhances biocompatibility
and waterproof properties while also improving its long-term sta-
bility.* In terms of optoelectronic integration design, Li et al.
developed a monolithic silicon photoelectrochemical platform
that integrates a photodiode array with a cardiac stimulation
module, achieving photoelectric conversion through the use of
porous silicon materials. (Figure 4F) Specifically, the porous
structure increases the surface area and reduces the recombina-
tion rate of photogenerated carriers, enhancing current genera-
tion efficiency. Simultaneously, this design minimizes device
size, reducing its volume by two orders of magnitude compared
to traditional devices. Moreover, it demonstrated pacing perfor-
mance in a porcine heart model.*® (Figure 4G).

In addition, the diversity of energy harvesting and transmission
strategies has further advanced the miniaturization and integra-
tion of devices. Liu et al.’s triboelectric system continuously
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harvests mechanical energy during cardiac motion, achieving a
self-powered closed-loop pacing function. Meanwhile, Li
et al.’s optoelectronic system employs remote power delivery
via an external light source, reducing device size while ensuring
stable operation under varying physiological conditions.

To further miniaturize devices, several potential directions
should be considered, such as optimizing materials and struc-
tural designs to reduce device volume, employing surface modi-
fication techniques to enhance precision and functionality, and
innovating energy harvesting technologies. A focus on functional
integration, material optimization, and diversified energy strate-
gies will provide greater opportunities for the development of
self-powered cardiac pacemakers.

Material design for energy harvesting

In implantable energy harvesting systems, the choice of mate-
rials not only determines energy conversion efficiency but also
directly impacts the stability, biocompatibility, and feasibility of
long-term applications. Researchers have explored materials
and structures that achieve high energy conversion rates while
meeting the stringent environmental requirements of implantable
devices. Material selection typically involves balancing several
key factors: energy conversion efficiency, biodegradability, flex-
ibility, stability, and durability in complex physiological environ-
ments. Commonly used materials include titanium metal cas-
ings, silicone, polyurethane, and epoxy resin as insulating
materials and electrodes made of carbon and alloys. However,
these materials may trigger immune responses, leading to local-
ized inflammation and infection risks.

Quan et al. developed a polyvinyl alcohol (PVA) aerogel-based
TENG incorporating B-lactoglobulin fibers, breaking the trade-off
between material performance and output efficiency. The device
features high toughness, biodegradability, and stable output
performance. By introducing B-lactoglobulin fibers into PVA,
which has low mechanical strength and water resistance, the
study enhanced the material’s strength and flexibility while pre-
venting performance degradation due to bodily fluid infiltration
after implantation. This approach exemplifies the balance be-
tween flexibility and mechanical strength while ensuring stable
energy output during biodegradation.*®

Structural design can integrate traditional materials for effi-
cient energy harvesting. Dong et al. proposed a spiral piezoelec-
tric energy harvester using porous poly vinylidene fluoride-co-tri-
fluoroethylene (PVDF-TrFE) films. This design incorporates
specific structural parameters such as film thickness, porosity
optimized for strain amplification, and spiral radius tailored to
fit pacemaker leads, all to ensure energy harvesting while main-
taining flexibility and biocompatibility. This material strikes a bal-
ance between piezoelectric performance and flexibility.
Although piezoelectric ceramics offer higher piezoelectric con-
stants, their brittleness and rigidity make them unsuitable for dy-
namic physiological environments. PVDF-TrFE satisfies the dual
requirements of flexibility and stability, and its porous structure
enhances strain and energy conversion efficiency during
bending. The spiral self-coiling design closely conforms to pace-
maker leads, allowing it to harvest mechanical energy from car-
diac motion without impairing heart function, thereby extending
the pacemaker battery life by approximately 1.5 years®®
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Different energy harvesting approaches necessitate different
material choices. Using thermoelectric materials, Zhang et al.
designed a thermoelectric generation system combining a pho-
tothermal absorber and a radiative cooler. The system utilized a
dielectric-metal stacked structure to optimize thermoelectric
conversion efficiency. Traditional thermoelectric materials like
Bi>-Tez perform well at high temperatures but exhibit limited
efficiency at lower body temperatures. Zhang et al. employed
multi-layered dielectric and metal combinations to maximize so-
lar absorption while minimizing infrared thermal radiation loss,
balancing energy capture and heat dissipation to ensure high
conversion efficiency under varying environmental temperature
gradients.””

Current energy-harvesting devices (e.g., TENGs or PENGs)
are manufactured using multiple-step processes, and it is essen-
tial to explore simpler design and production methods for scal-
ability. In the context of 3D printing, the use of multi-material
properties has significantly enhanced the one-step fabrication
process of custom energy-harvesting devices. Traditional
manufacturing techniques often suffer from long processing
times and limited availability of suitable raw materials, which
hinder large-scale production. In contrast, 3D printing offers a
more efficient and scalable alternative, enabling faster produc-
tion with a wider range of materials. Hwang et al. fabricated a
3D TEG using direct inkjet printing, with carbon nanotubes
(CNTs) as the core material. Leveraging CNTs’ flexibility and
conductivity, complex 3D structures were realized through
inkjet printing. This approach offers performance tunability and
microstructural customizability for energy-harvesting device
fabrication.®

These studies highlight that material selection should be
based on comprehensive considerations rather than maximizing
a single performance attribute. A balanced strategy addressing
energy harvesting efficiency, biocompatibility, and long-term
stability will continue to guide the future development of en-
ergy-harvesting technologies.

Safety concerns and evaluation

Long-term reliability plays a critical role in the design and appli-
cation of implantable cardiac pacemakers, directly impacting the
overall effectiveness of the device and the safety of the treatment
process. Despite the relatively long battery life (5-10 years)
of modern-day pacemakers, researchers are looking to self-
powered options for developing next-generation implantable
devices.

For implantable cardiac pacemakers, the evaluation of inflam-
matory responses to implanted materials in vivo is critically
important. Studies have demonstrated that surface coatings
and material selection play a pivotal role in reducing the risk of
inflammation. For instance, porous silicon (Por-Si) materials
exhibit minimal tissue inflammation post implantation, primarily
due to optimized surface treatment techniques and passivation
layers, such as oxide coatings, which suppress cytokine levels
and the release of inflammatory mediators.*® Magnesium-based
or polymer coatings release degradation products without trig-
gering immune cell activation, thereby ensuring the stability of
surrounding tissues.® Evaluations of hemocompatibility and tis-
sue inflammation further reveal that the use of optimized
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parylene coatings reduces platelet aggregation and coagula-
tion responses. Histological analyses have also indicated the
absence of fibrosis and inflammatory reactions at the implanta-
tion site.*”

The pacemakers can also be paired with control systems that
provide real-time feedback to allow doctors and patients to
anticipate and detect abnormal cardiac conditions. There are
also other clinical concerns, such as the compatibility between
cardiac pacemakers and other medical instruments. For
example, if a pacemaker were to malfunction, shift position, or
fail in the high-intensity magnetic field of an MRI environment,
then it could compromise imaging quality and pose safety risks
to the patient. Optimizing the internal circuit design of the pace-
maker and selecting low-magnetic-sensitivity materials can
improve the device’s MRI compatibility.

Most current research on battery-free implantable pace-
makers remains at the stage of animal models. Transitioning to
clinical trials requires strict adherence to regulatory standards,
where quality control of medical devices is paramount. From
the outset of designing battery-free pacemakers, rigorous vali-
dation based on scientific standards is necessary to ensure
compatibility with the complex human environment. In clinical tri-
als, protocols must be followed for implantation procedures,
postoperative observation, and data recording, with all steps
subject to strict oversight by regulatory agencies. Patients
must be fully informed of the device’s operating principles, risks,
and benefits.

For data management, strict protocols must be adopted to
protect patient privacy. All research must adhere to ethical
guidelines and undergo thorough review by an ethics committee.
Ethics committees, composed of professionals from diverse
fields, review various aspects of the study, including its objec-
tives, methods, and measures to protect patient rights.

CONCLUSION

By utilizing biomechanical energy from heartbeats, body heat,
biochemical reactions and ambient light, and ultrasound and
electromagnetic waves, battery-free pacemakers have moved
closer to achieving self-sustainability and reducing dependence
on traditional power systems. The advancement of battery-free
technologies also drives the miniaturization and system integra-
tion of these devices. However, several critical challenges still
need to be addressed. The further improvement of energy con-
version efficiency and the biocompatibility of materials is crucial
to prevent potential adverse reactions, such as immune re-
sponses and inflammation, which can arise after implantation.
Additionally, ensuring the long-term stability and reliability of bat-
tery-free pacemakers remains a challenge, particularly when
faced with the complex and dynamic physiological conditions
within the human body. To achieve optimal performance, future
research must focus on enhancing system integration, opti-
mizing synergistic energy utilization, and advancing intelligent
control systems. The integration of advanced monitoring capa-
bilities into pacemakers is another promising direction. By
enabling real-time health monitoring and remote control through
wireless communication technologies, future pacemakers could
maintain cardiac rhythm while also providing valuable data, al-
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lowing for timely interventions and personalized care. The
continued maturation of these technologies is expected to revo-
lutionize cardiac care, improving patient quality of life, reducing
the frequency of surgical interventions, and lowering overall
medical risks.
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